A Transgenic Lef1/β-Catenin-Dependent Reporter Is Expressed in Spatially Restricted Domains throughout Zebrafish Development  by Dorsky, Richard I. et al.
Developmental Biology 241, 229–237 (2002)
doi:10.1006/dbio.2001.0515, available online at http://www.idealibrary.com onA Transgenic Lef1/b-Catenin-Dependent Reporter
Is Expressed in Spatially Restricted Domains
throughout Zebrafish Development
Richard I. Dorsky,1 Laird C. Sheldahl, and Randall T. Moon2
Howard Hughes Medical Institute and Department of Pharmacology and Center for
Developmental Biology, University of Washington, Seattle, Washington 98195
The Wnt/b-catenin signaling pathway plays multiple roles during embryonic development, only a few of which have been
extensively characterized. Although domains of Wnt expression have been identified throughout embryogenesis, anatomi-
cal and molecular characterization of responding cells has been mostly unexplored. We have generated a transgenic zebrafish
line that expresses a destabilized green fluorescent protein (GFP) variant under the control of a b-catenin responsive
promoter. Early zygotic expression of this transgene (TOPdGFP) mirrors known domains of Wnt signaling in the embryo.
Loss of Lef1 activity results in decreased reporter expression and posterior defects, while loss of Tcf3 (Headless, Hdl) activity
does not alter reporter expression, even though it results in loss of forebrain structures. In addition, ectopic Wnt1 expression
can activate the reporter. In older embryos, we identify a number of transgene-expressing cell populations as novel sites of
b-catenin signaling. We conclude that our TOP-dGFP reporter line faithfully illustrates domains of b-catenin activity and
enables the identification of responsive cell populations. © 2001 Elsevier Science
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The best characterized cellular output of Wnt/b-catenin
signaling is the transcriptional activation of downstream
target genes. Following Wnt pathway activation, cytoplas-
mic b-catenin accumulates and enters the nucleus, where it
interacts with the Lef/Tcf class of transcription factors
(Eastman and Grosschedl, 1999; Sharpe et al., 2001). In
zebrafish, two members of this family of HMG box pro-
teins, Lef1 and Tcf3 (Headless, Hdl), have been implicated
in early development (Dorsky et al., 1999; Pelegri and
Maischein, 1998; Kim et al., 2000). Lef1 has been shown to
act as a b-catenin-dependent transcriptional activator
through its interactions with other coactivator molecules
(Billin et al., 2000). Tcf3 is a transcriptional repressor in the
absence of b-catenin (Brannon et al., 1999; Roose et al.,
1998). Upon b-catenin binding, Tcf3-mediated repression is
relieved by an unknown mechanism. Both proteins bind to
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All rights reserved.similar upstream regulatory DNA sequences, termed Lef
binding sites (Waterman et al., 1991).
Analysis of a headless mutation in zebrafish has sug-
gested that the main role of this gene during development is
to repress downstream targets in the forebrain (Kim et al.,
2000), in part because mutant embryos can be rescued by
expression of a form of Tcf3 that does not bind b-catenin.
Other potential Tcf3 targets in Xenopus, such as siamois,
require Lef binding sites only for their repression, and not
for activation (Brannon et al., 1997). The question has
therefore arisen of whether Tcf3 proteins ever act as gene
activators in vivo or only as repressors that can be inacti-
vated by Wnt signaling.
Although Wnts are expressed throughout the developing
embryo, the range of Wnt signaling in vivo has been
difficult to determine. As a result, the cell populations and
target genes that respond to Wnt/b-catenin signals during
development are unidentified. In order to understand the
multiple roles played by Wnt/b-catenin signaling, it is
important to identify these very cell populations and genes.
The CNS has remained particularly unexplored with re-
spect to Wnt targets, considering that it was the first region
to be identified as expressing a vertebrate wnt gene (Wilkin-
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express numerous other Wnts as well (Hollyday et al.,
1995). Although overexpression and loss-of-function studies
have suggested roles for Wnts throughout the CNS (Dickinson
et al., 1995; Ikeya et al., 1997), it is not known whether many
processes such as cell proliferation, fate determination, or
differentiation are directly controlled by these signals.
To examine the targets of Wnt/b-catenin signaling, we have
created an in vivo reporter system that can identify b-catenin-
responsive cells during development. The TOPFLASH re-
porter has been extensively used to quantitate b-catenin-
dependent transcription (Korinek et al., 1997), by expression
of luciferase under the control of multiple Lef binding sites
and a basal cFos promoter. By employing a destabilized GFP
FIG. 1. TOPdGFP expression reflects known domains of Wnt/b-
views are shown in (C–F), with ventral to the left in (C) and anteri
to deep marginal cells on one side of the embryo, (arrowhead). (B) By
and in the shield hypoblast (arrowhead). (C) At 80% epiboly, GFP ex
gastrulation, mRNA is enriched at the posterior (right) end of the em
(top). (E) At the six-somite stage, the first expression in the nervous
and hindbrain, with an obvious gap between these regions. (F) By 18
weaker expression in the ventral forebrain and tail mesoderm (tm).
somites, showing expression throughout the hindbrain and medi
hindbrain, with medial neural crest cells marked by arrowheads. (I
the dorsomedial somite (som) closest to the neural tube, and in anprotein, we were able to create a transient reporter (TOPdGFP)
© 2001 Elsevier Science. Athat is visible in living tissue with fluorescence optics. We
used zebrafish as our transgenic organism, taking advantage of
its optical clarity and rapid development to enable live imag-
ing of reporter activity. A further advantage of zebrafish is its
accessibility to both embryonic and genetic manipulations,
vastly expanding the array of functional studies that can be
undertaken with this system.
MATERIALS AND METHODS
Generation of TOPdGFP
A 358-bp promoter/enhancer region of TOPFLASH (Korinek et
al., 1997), containing 4 consensus Lef binding sites and a minimal
in signaling. Animal pole views are shown in (A) and (B). Lateral
the left in (D–F). (A) At dome stage (4 hpf), expression is localized
ld stage, expression is observed in the ventrolateral marginal region
ion expands throughout the ventral mesoderm (vm). (D) Following
o. (Inset) Tailbud view shows exclusion of mRNA in the notochord
em is seen at the presumptive midbrain/hindbrain boundary (mhb)
ites, strong GFP expression is present in the midbrain region, with
s indicate planes of section in (G–I). (G) Longitudinal section at 18
ural crest cells (arrowheads). (H) Transverse section through the
nsverse section through the spinal cord, illustrating expression in









) Trapromoter, was amplified by PCR. The 94-bp minimal promoter is
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231Lef1/b-Catenin Reporter in Zebrafishderived from the mouse cFos gene (Accession No. AF332140),
starting 38 bp 59 to the TATA box, and has no activity in zebrafish
on its own. This fragment was inserted into the vector pCS21
(Turner and Weintraub, 1994), replacing the CMV promoter. The
d2GFP gene (Clontech, Palo Alto, CA) was then inserted into this
construct downstream of the TOP promoter and upstream of the
SV40 polyadenylation site.
DNA Injections and Production of Transgenic Fish
Approximately 100 pg of TOPdGFP DNA was injected into a
one-cell wild-type zebrafish embryo, into the yolk just below the
FIG. 2. Reporter expression requires lef1, but not hdl, activity. A
to the right are shown in (C, D, H, J, M, O, R, T). Posterior views
mark the rostral limit of the neurectoderm. At shield stage, hdl is
in the germ ring (B), similar to TOPdGFP (compare to Fig. 1B). At b
prechordal plate (C), while lef1 expression is absent in this region
in the tailbud (tb) at bud stage (E), while lef1 is expressed at high le
a hdl morpholino phenocopies the hdl mutant at 36 hpf, causing lo
expansion of pax2 (compare H and R), but has no effect on tbx6 e
TOPdGFP in the anterior neurectoderm (compare J and T) or in the
of tail structures posterior to the yolk extension at 36 hpf (L). Whil
R), it significantly decreases tbx6 (compare N and S). Similarly, los
T), but it significantly decreases expression in the tailbud (comparblastoderm. Injections of 100–150 embryos were performed on
© 2001 Elsevier Science. Amultiple days. After 6 h, embryos were screened for GFP expression
and positive embryos were sorted and raised to adulthood.
Adult fish were intercrossed and at least 100 embryos per pair
were screened at 24 h postfertilization (hpf) by fluorescence mi-
croscopy for GFP expression. Because more male than female fish
were generated, some males were screened by crossing to wild-type
females. Out of 152 adult fish screened, one founder male that
produced 10% transgenic progeny was identified. Heterozygous F1
embryos were raised to adulthood to establish a line and inter-
crossed to generate homozygous progeny. This transgenic line has
been given the allele designation TG(TOP:dGFP)w25. GFP imaging
was performed by using a Nikon PCM2000 confocal microscope
l pole views are shown in (A) and (B). Anterior views with dorsal
dorsal to the left are shown in (E, F, I, K, N, P, S, U). Arrowheads
ssed throughout the epiblast (A), while lef1 is expressed primarily
age, hdl is expressed in the anterior neurectoderm and underlying
similar to TOPdGFP (compare to T). hdl is expressed very weakly
in this region (F), similar to TOPdGFP (compare to U). Injection of
telencephalon and eyes (G). The hdl morpholino results in rostral
sion (compare I and S). Loss of hdl has no effect on expression of
ud (compare K and U). Injection of a lef1 morpholino results in loss
lef1 morpholino has no effect on pax2 expression (compare M and











s of land images were processed with Adobe Photoshop 5.0.
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injected at the one-cell stage with 100 pg of pCS2 1 wnt1-myc
DNA. Injected embryos were fixed at 18 hpf, then processed for
anti-myc immunostaining using a Cy3-labeled secondary antibody.
In Situ Hybridizations
In situ hybridization was performed as described previously
(Oxtoby and Jowett, 1993). GFP probe was made by antisense
transcription of TOPdGFP, using a T7 promoter present in the
construct. Probe for hdl was made from a full-length clone isolated
in our laboratory, subcloned into pCS21. Probes for pax2.1 (Krauss
et al., 1991), tbx6 (Hug et al., 1997), and lef1 (Dorsky et al., 1999)
were made as described previously. Images were taken with a
Kodak DC290 digital camera and processed with Adobe Photoshop
5.0.
Morpholino Injections
Morpholino antisense oligonucleotides targeted to lef1 and hdl
were obtained from Gene Tools (Corvallis, OR). lef1 MO sequence:
59-CTCCTCCACCTGACAACTGCGGCAT-39; hdl MO sequence:
59-CTCCGTTTAACTGAGGCATGTTGGC-39.
We injected approximately 1 ng of the morpholinos into one-cell
homozygous transgenic embryos that were fixed for in situ hybrid-
ization at appropriate stages. Injections of control morpholinos
produced no effect on TOPdGFP expression (not shown).
Sections
Fixed embryos were rinsed in phosphate-buffered saline, equili-
brated in 30% sucrose, embedded in Tissue-Tek OCT mounting
medium, and frozen on dry ice. Sections (12 mm) were cut on a
Reichert–Jung cryostat, rinsed, and coverslipped in Vectashield
mounting medium.
RESULTS AND DISCUSSION
Generation of TOPdGFP Transgenic Zebrafish
The TOPdGFP reporter construct contains four consen-
sus Lef binding sites and a minimal cFos promoter, driving
a destabilized GFP transgene. This reporter should only be
transcriptionally active in the presence of both stabilized
b-catenin and Lef/Tcf proteins. We first injected TOPdGFP
into one-cell zebrafish embryos to test expression, and
observed GFP fluorescence from approximately 6 hpf con-
tinuing throughout development. Expression was very mo-
saic, and we did not perform analysis at this point due to
variations between individual embryos. Removal of the Lef
binding sites resulted in no reporter expression in any
injected embryo. We therefore concluded that the TOP-
dGFP construct was active in zebrafish and raised injected
fish to adulthood.
After adult fish were screened by intercrossing or by
outcrossing to a wild-type line, a mosaic founder fish that
produced 10% transgenic embryos was recovered. In pre-
liminary surveys, these embryos expressed GFP at high
levels in the midbrain when observed under a fluorescence
© 2001 Elsevier Science. Adissecting microscope. We were unable to observe GFP
fluorescence before 12 hpf using confocal microscopy. This
could be due to several factors, including low expression
levels at early stages of development and positional effects
of local genomic DNA. Confirming turnover of the desta-
bilized GFP protein, many areas of expression visible at
12–16 hpf, such as presomitic mesoderm, were not visibly
fluorescent 24 h later.
Early Expression of TOPdGFP Mirrors Known
Domains of Wnt/b-Catenin Signaling
To examine whether TOPdGFP is expressed earlier in
development than was evident by GFP fluorescence, we
performed in situ hybridization on transgenic embryos at
stages following the onset of zygotic transcription. Using
this more sensitive technique, we found that TOPdGFP is
expressed in known domains of Wnt signaling, consistent
with its being a faithful reporter of this pathway. At 4 hpf,
we observed the first expression in a small group of cells at
the embryonic margin (Fig. 1A). Although it is impossible
to morphologically determine the future dorsal axis in
zebrafish embryos at this stage, this expression is consis-
tent with the site of nuclear b-catenin accumulation
(Schneider et al., 1996) and the expression of b-catenin
target genes such as squint and bozozok (Kelly et al., 2000;
Ryu et al., 2001). During gastrulation, localized expression
was observed in the embryonic shield (Fig. 1B), supporting
the assumption that the pregastrulation expression is dor-
sal. At shield stage, we also detected expression in the
ventrolateral mesoderm (Fig. 1B), the site of the first known
zygotic Wnt activity, produced by Wnt8 (Christian et al.,
1991). This expression expands during gastrulation, cover-
ing most of the ventral mesoderm by 80% epiboly (vm; Fig.
1C). By bud stage, all mesoderm in the posterior embryo
expresses TOPdGFP, with the exception of the notochord
(Fig. 1D). The first observable expression in the neurecto-
derm was at 12 hpf, when we were able to detect GFP
mRNA in the midbrain–hindbrain boundary (mhb), hind-
brain, and spinal cord (Fig. 1E). Both neurectoderm and tail
mesoderm expression continued until 18 hpf (Fig. 1F), the
latest stage we examined with this technique. In summary,
at least four known domains requiring Wnt/b-catenin sig-
naling are reported by TOPdGFP: the dorsal organizer
(maternal b-catenin; Heasman et al., 1994; Schneider et al.,
1996; Kelly et al., 2000), ventrolateral mesoderm (Wnt8;
Lekven et al., 2001), tailbud (Wnt3a; Takada et al., 1994),
and mhb (Wnt1; McMahon and Bradley, 1990).
In order to investigate early TOPdGFP expression in more
detail, we sectioned 18-hpf embryos stained by in situ
hybridization. Through this analysis, we were able to detect
transgene expression in medial neural crest (Figs. 1G and
1H), supporting our earlier findings that Wnt signaling plays
a role in neural crest fate specification (Dorsky et al., 1998;
Dorsky et al., 2000). Sections through more caudal regions
of the embryo showed additional domains of expression
including presumptive commissural interneuron progeni-
ll rights reserved.
233Lef1/b-Catenin Reporter in Zebrafishtors (Bernhardt et al., 1990), and the medial lip of develop-
ing somites (Fig. 1I).
Lef1, but Not Tcf3, Regulates Reporter Expression
in Vivo
Although our observations provided circumstantial evi-
dence that TOPdGFP reports endogenous Wnt signaling, it
was possible that transgene expression in known Wnt-
responsive domains was coincidental. However, we also
noticed that TOPdGFP expression bears a resemblance to
zygotic expression of lef1 (compare Fig. 1 to Figs. 2B, 2D,
and 2F). In contrast, TOPdGFP appears to be expressed in a
complimentary pattern to hdl (Compare Fig. 1 to Figs. 2A,
2C, and 2E). Since lef1 has been shown to mediate Wnt-
dependent gene activation while hdl functions primarily as
a repressor, we tested whether the activity of either gene is
required for reporter expression. To partially inhibit gene
function, we injected morpholino antisense oligonucleo-
tides targeted against zebrafish hdl and lef1. Both morpho-
linos can specifically block translation of the respective
expression plasmids in reticulocyte lysates (not shown).
The function of hdl as a repressor of posterior neural gene
expression led us to ask whether the inhibition of hdl
would expand TOPdGFP expression in transgenic embryos.
Injection of the hdl morpholino at the one-cell stage results
in a phenotype indistinguishable from hdl mutant embryos
at 36 hpf (Fig. 2G). At bud stage, loss of hdl function results
in the anterior expansion of midbrain markers such as pax2
(Fig. 2H), but has no effect on the expression of ventrolateral
mesoderm markers such as spt (not shown) and tbx6 (Fig.
2I). Interestingly, the hdl morpholino does not expand
anterior TOPdGFP expression at shield stage (not shown) or
bud stage (Fig. 2J) and has no effect on posterior GFP
expression (Fig. 2K). One interpretation of this result is that
there is no endogenous activation of Wnt/b-catenin target
genes in anterior regions of the embryo, and that expression
of more posterior genes such as pax2 may be activated by
other signals. Alternatively, it is possible that, in our
transgenic embryos, the TOPdGFP reporter is unable to
respond to Tcf3 signaling due to limiting effects of the
insertion into genomic DNA. We cannot distinguish be-
tween these scenarios, but in either case it is clear that
reporter expression is not repressed by hdl function in these
fish.
The expression of lef1 suggests that it may be a positive
mediator of Wnt-dependent gene activation in the posterior
ventrolateral mesoderm. Injection of the lef1 morpholino
results in tail truncations and loss of paraxial mesoderm,
but normal head development (Fig. 2L). The loss of lef1 has
no effect on pax2 expression (Fig. 2M), but it results in
decreased expression of spt (not shown) and tbx6 (Fig. 2N).
This experiment suggests that zebrafish lef1 may play a role
analogous to the redundant functions of lef1 and tcf1 in
mouse posterior mesoderm development (Galceran et al.,
1999). Supporting this hypothesis, no ortholog of tcf1 has
been isolated in zebrafish at this point. Following injection
© 2001 Elsevier Science. Aof the lef1 morpholino, there is a striking decrease of
TOPdGFP expression in the embryo at bud stage (Figs. 2O
and 2P), indicating that this gene is required for the expres-
sion of the reporter in vivo. Other work has suggested that
ventrolateral mesodermal genes are targets of wnt8 signal-
ing during development (Lekven et al., 2001), and our
results provide further evidence for this pathway.
These experiments illustrate an important aspect of
TOPdGFP expression in the embryo. Our transgene is able
to report transcriptional activation mediated by lef1, but
not repression mediated by hdl. Because the TOPdGFP
construct contains no enhancer elements other than Lef
binding sites, it is not surprising that it is inactive even in
the absence of repression by hdl. Endogenous Wnt/b-
catenin targets may be able to respond to other activating
signals in the absence of hdl, due to additional elements
controlling their expression. A limitation of the reporter is
that we cannot confirm that it reflects all b-catenin-
mediated transcription in the embryo. When regions of
transgene expression are being examined, it is therefore
important to keep in mind that GFP-expressing cells should
be considered only as potential sites of b-catenin-activated
transcription. However, because early TOPdGFP expression
is dependent on Lef1 function, we believe that Lef1/b-
catenin signaling is the most likely modulator of this
transgene in vivo.
Wnt1 Is Sufficient to Activate Reporter Expression
in Vivo
Though we demonstrated that TOPdGFP expression is
dependent on lef1 function, the question remained whether
the reporter could respond to the entire Wnt signaling
pathway. To confirm that a Wnt signal was sufficient to
elicit reporter expression, one-cell embryos were injected
with a DNA construct encoding myc-tagged Wnt1 under
the control of a CMV promoter. When we examined fixed
injected embryos at 18 hpf, we were able to detect coex-
pression of Wnt1-myc and GFP outside of the endogenous
TOPdGFP expression domain (Fig. 3A). We were unable to
detect GFP expression beyond the Wnt-misexpressing cell,
which could be due to low levels of misexpression or low
sensitivity of our reporter. In addition, not every cell that
overexpressed Wnt1 was able to activate TOPdGFP. Again,
this could be due to limitations of our reporter, or to the
lack of necessary signaling components such as Frizzled
receptors at a given location in the embryo. We cannot
distinguish between these possibilities, and a more thor-
ough way to test the ability of Wnts or other pathway
components to activate TOPdGFP would be to inducibly
activate the pathway throughout the embryo. Although this
approach was not feasible for our study, the current avail-
ability of heat-shock transgenic zebrafish (Halloran et al.,
2000) will allow such experiments to be performed in the
future. In addition, it is reasonable to assume that other
signaling pathways resulting in Lef1-dependent gene acti-
vation could activate the TOPdGFP reporter, such as acti-
ll rights reserved.
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spite these caveats, the result from this experiment
indicates that Wnt signals are capable of activating the
TOPdGFP reporter.
Dynamic Expression of TOPdGFP in the CNS and
Other Embryonic Tissues
We produced the TOPdGFP transgenic zebrafish in order
to characterize novel populations of potential b-catenin-
responsive cells in the embryo. As a first step in this
analysis, we examined reporter expression in late embryo-
genesis, focusing primarily on CNS expression for this
study. At 12 hpf, we observed GFP protein expression
throughout the CNS and tail mesoderm (Figs. 3B and 3C).
At this stage, a gap in expression exists at the rostral
hindbrain, similar to the gap observed in wnt1 and wnt3a
expression (Hollyday et al., 1995). In the tail, expression is
highest in the presomitic mesoderm, with lingering expres-
sion in the newest somites. By 24 hpf, strong expression
was observed in the dorsal midbrain, ventral forebrain, eye,
FIG. 3. TOPdGFP reporter expression is Wnt-responsive and d
encoding Wnt1-myc, ectopic reporter expression is induced outside
both Wnt1-myc, as detected by anti-myc immunostaining (red), and
contrast. (B) Twelve-somite embryo. mhb, midbrain/hindbrain bou
strongly expressed in the tail epiblast and hypoblast (arrowhead) an
depicted at higher power in (E). (E) GFP is present at low levels in th
(arrowhead), and posterior lateral line ganglion (pllg). (F) 48-hpf em
region depicted in (H). (G) While expression decreases in the otic v
ganglion (pllg). (H) High-power view of the posterior spinal cord
embryo. GFP is expressed in the dorsal midbrain, lens, and cranialear, and spinal cord (Fig. 3D). Closer examination of the
© 2001 Elsevier Science. Ahindbrain region revealed expression in peripheral sensory
structures such as the otic epithelium, migrating neural
crest, and cranial sensory ganglia (Fig. 3E). These regions of
expression persisted at 48 hpf (Fig. 3F), and we found
specific expression in the posterior lateral line ganglion at
this stage, when these cells are clearly postmitotic and have
extended axons (Fig. 3G). In the spinal cord, many indi-
vidual neurons that express TOPdGFP appear to have
undergone their final differentiation based on their position
and morphology (Fig. 3H). Finally, by 72 hpf, the main areas
of observable GFP expression were the dorsal midbrain, lens
of the eye, and cranial sensory ganglia (Fig. 3I). In summary,
TOPdGFP expression undergoes dynamic changes during
development from 12 to 72 hpf, disappearing from tail
mesoderm and increasing throughout the CNS and sensory
ganglia as these cells become postmitotic.
To examine the identity of GFP-expressing cells in more
detail, we sectioned fixed embryos at multiple developmen-
tal stages. At 24 hpf, we observed uniform GFP expression
throughout the neuroepithelium of the midbrain (Fig. 4A).
In the eye, expression was primarily limited to the retinal
ic throughout development. (A) Following injection with DNA
endogenous domain of GFP (arrowhead). (Inset) This cell expresses
(green). In all following panels, red autofluorescence is shown for
y. Box indicates region depicted at higher power in (C). (C) GFP is
somitic mesoderm (psm). (D) 24-hpf embryo. Box indicates region
in and higher levels in the otic vesicle (ov), migrating pigment cells
. Left box indicates region depicted in (G) and right box indicates
e (ov), it is maintained at a high level in the posterior lateral line









showpigmented epithelium (RPE), ciliary margin, and lens (not
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this stage, TOPdGFP is strongly expressed in individual
spinal neurons (Fig. 4C), a population that has not been
previously identified as a Wnt target. By 48 hpf, we observed
continued strong expression in the dorsal midbrain and
lens, and decreased expression in the RPE and ciliary
margin (Fig. 4D). Scattered GFP expression is present at
multiple dorsal/ventral positions in the hindbrain (Fig. 4E)
and spinal cord (Fig. 4F). In addition, dorsal pigment cells
express high levels of the reporter at this stage (Fig. 4F).
Sections at 72 hpf confirmed our observations of expression
in postmitotic midbrain neurons (Fig. 4G), cranial sensory
ganglia (Fig. 4H), and spinal cord neurons (Fig. 4I). Further
anatomical and molecular characterization of these popu-
lations will be useful in examining possible roles of Wnt/
FIG. 4. Transverse cryosections of transgenic embryos show loca
red autofluorescence is shown for contrast. Spinal cord is outlined i
(A) Midbrain rostral to the eye is shown. (B) Section through cauda
showing individual GFP-labeled neurons. (D) Eye and midbrain
arrowhead. (E) Hindbrain section. Individual neurons in the ventr
multiple dorsal/ventral positions and in dorsal pigment cells (arrow
just below the ectoderm. (G) Extensive GFP expression is present in
line ganglion. (I) Spinal cord expression is similar to domains obseb-catenin signaling in their development.
© 2001 Elsevier Science. AFuture Analysis of TOPdGFP Target Cells
We have shown that a transgenic zebrafish line express-
ing the TOPdGFP reporter construct recapitulates known
domains of Wnt/b-catenin signaling during early develop-
ment and that reporter expression is responsive to gain of
Wnt1 or loss of Lef1 signaling in vivo, but not to loss of
Tcf3. However, we cannot rule out the possibility that
some domains of Wnt/b-catenin signaling are not repre-
sented by GFP expression. This may be due to the presence
of Wnt inhibitors in these cells, and an actual block in the
signaling pathway. Alternatively, local chromatin effects
on transgene expression may limit responsiveness in par-
ticular cell populations. To help distinguish between these
possibilities, comparison of multiple transgenic lines could
expression in regions of the CNS and other tissues. In all panels,
ite dotted lines in (C, F, I). (A–C) 24 hpf; (D–F) 36 hpf; (G–I) 48 hpf.
region. rpe, retinal pigmented epithelium. (C) Spinal cord section,
n. Eyes are outlined in white dotted lines, lens is indicated by
ndbrain express GFP. (F) In the spinal cord, expression is seen at
s). Pigment cells are identifiable by their morphology and position







the drule out positional insertion effects. Also, crossing
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236 Dorsky, Sheldahl, and MoonTOPdGFP into existing mutants for wnt1 and wnt3a could
test whether cell populations do in fact express GFP in
response to these genes.
It should be stressed that TOPdGFP is a reporter of
b-catenin signaling, not Wnt activity per se. Potentially,
any modulator of Lef1/b-catenin signaling could affect
expression of the reporter. As mentioned previously,
integrin-linked kinase signaling can activate b-catenin-
responsive genes (Novak et al., 1998). In addition, the
b-catenin pathway can be negatively regulated by Wnt-
independent mechanisms such as p53-mediated induction
of Siah (Liu et al., 2001; Matsuzawa and Reed, 2001).
Additional Lef/Tcf proteins such as Tcf4 are present in the
embryo and we have not explored their ability to activate
the transgene. Furthermore, other molecules that can bind
to Lef binding sites could regulate TOPdGFP completely
independent of Lef1/b-catenin activity. As with any re-
porter system, unknown mechanisms could be responsible
for expression patterns in vivo. While we cannot rule out
these possibilities, we have shown that at least the early
expression of the transgene requires Lef1 activity.
Although TOPdGFP is widely expressed later in develop-
ment, we have focused on several novel potential b-catenin
target cell populations, including the RPE, spinal cord, and
sensory ganglia. This report elicits two general areas of
further study: First, are particular Wnts and Frizzled recep-
tors responsible for individual domains of TOPdGFP ex-
pression? Second, what genes are downstream targets of the
pathway, and how do they function to control cell fate or
differentiation? One important factor to consider in analyz-
ing our results is that, for each responsive cell population,
Wnt/b-catenin dependence must be confirmed either by
genetic or embryological perturbations of the pathway.
However, GFP expression provides an easy assay with
which to carry out this confirmation, as well as to screen for
mutations or molecules that can disrupt Wnt/b-catenin
signaling.
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